Field measurements of channel scour at bridges are needed to improve the understanding of scour processes and the ability to accurately predict scour depths. An extensive data base of pier-scour measurements has been developed over the last several years in cooperative studies between state highway departments, the Federal Highway Administration, and the U.S. Geological Survey. Selected scour processes and scour design equations are evaluated using 139 measurements of local scour in live-bed and clear-water conditions. Pier-scour measurements were made at 44 bridges around 90 bridge piers in 12 states. The influence of pier width on scour depth is linear in logarithmic space. The maximum observed ratio of pier width to scour depth is 2.1 for piers aligned to the flow. Flow depth and scour depth were found to have a relation that is linear in logarithmic space and that is not bounded by some critical ratio of flow depth to pier width. Comparisons of computed and observed scour depths indicate that none of the selected equations accurately estimate the depth of scour for all of the measured conditions. Some of the equations performed well as conservative design equations; however, they overpredict many observed scour depths by large amounts. Some equations fit the data well for observed scour depths less than about 3 m (9.8 ft), but significantly underpredict larger observed scour depths.
Field measurements of channel scour at bridges are needed to improve the understanding of scour processes and the ability to accurately predict scour depths. An extensive data base of pier-scour measurements has been developed over the last several years in cooperative studies between state highway departments, the Federal Highway Administration, and the U.S. Geological Survey. Selected scour processes and scour design equations are evaluated using 139 measurements of local scour in live-bed and clear-water conditions. Pier-scour measurements were made at 44 bridges around 90 bridge piers in 12 states. The influence of pier width on scour depth is linear in logarithmic space. The maximum observed ratio of pier width to scour depth is 2.1 for piers aligned to the flow. Flow depth and scour depth were found to have a relation that is linear in logarithmic space and that is not bounded by some critical ratio of flow depth to pier width. Comparisons of computed and observed scour depths indicate that none of the selected equations accurately estimate the depth of scour for all of the measured conditions. Some of the equations performed well as conservative design equations; however, they overpredict many observed scour depths by large amounts. Some equations fit the data well for observed scour depths less than about 3 m (9.8 ft), but significantly underpredict larger observed scour depths.
Channel scour around bridge foundations is the leading cause of bridge failure, exceeding all other causes combined. In a survey of 823 bridge failures since 1950, Shirole and Holt (1) found that 60 percent of the failures were associated with hydraulics, which includes channel instability and channel-bed scour around bridge foundations. The predominance of hydraulics failures indicates the need for improved methods of scour analysis and prediction to provide safe, reliable public transportation corridors.
The need to improve scour-prediction techniques has long been recognized, and scour processes have been studied extensively by many researchers. Numerous equations have been developed to predict local channel scour at bridge piers (2) (3) (4) (5) (6) . Most of these equations are based on laboratory investigations. Scour predictions based on the many available equations produce a wide range of scour depths for the same set of explanatory variables, probably because of the typically limited and unique conditions associated with each investigation. Predicted scour depths also differ from observed scour depths measured at bridge sites, probably because of the range of deterministic scour variables in the field that are difficult to reproduce or measure in the laboratory and dynamic dimensional dissimilarity between field conditions and laboratory investigations.
The recommendation of many scour investigations has been to collect scour data at bridges during floods to improve the understanding of scour processes and bridge-scour prediction methods. Cooperative investigations to collect bridge-scour data during floods have been initiated over the last several years between the U.S. Geological Survey (USGS) and many state departments of transportation.
Selected explanatory variables and prediction equations for channel-bed scour at bridge piers are evaluated and compared. The following equations are evaluated: Chinese (7 ), HEC-18 (5), Froehlich (6), Larras (8) , and Shen et al. (2) . These equations are evaluated on the basis of the deterministic relations implied by their explanatory variables and predicted versus observed scour depths.
SUMMARY OF SCOUR MEASUREMENTS AT BRIDGE PIERS
The evaluation is based on 139 field pier-scour measurements obtained during high-flow conditions. The measurements are a subset of the scour data base included in the national scour study reported by Landers and Mueller (9) that contains more than 380 pier-scour measurements made in the United States. Landers and Mueller compiled available scour measurements made during floods, including repeat measurements at a pier during a single flood. Repeat measurements provide valuable quality assurance and information about scour-hole development and processes. However, in the analysis presented here, only the maximum scour depth measurement is taken to represent the scour for a given flood at each pier. This provides a smaller set of observations that are more independent. Measurements in the data base of Landers and Mueller (9) are not included in this analysis if (a) they were made at coastal, primarily tide-affected sites; (b) scour depths were less than the estimated accuracy of the scour measurement; (c) measured scour depth was zero; (d ) the bed material at the site was cohesive; (e) ratios of scour depth to flow depth were greater than 1.0 or ratio of scour depth to bed-material size was less than 3; ( f ) a substantial amount of debris was present; or (g) flow alignment to the pier was 10 degrees or more.
The data set of 139 field scour measurements is from 90 piers at 44 bridges in 12 states, as given in Table 1 . The scour measurement numbers in Table 1 are consistent with the measurement numbers listed by Landers and Mueller (9) , where more complete information is available for each measurement.
Techniques and instrumentation to measure bridge pier scour have been documented (9, 10) . A local reference channel bed elevation was determined from the channel geometry for each measurement. This is the bed level to which flow depth was measured from the water surface and the level beneath which scour depth was measured. This reference surface is the ambient bed level outside of the scour hole that represents the bed level expected for the measured flow conditions if the pier were absent. The flow velocity is a vertically averaged velocity measured just outside (typically upstream) of the accelerated flow region around the pier nose.
The distribution of most of the scour data set attributes is right skewed for the 139 local pier-scour measurements used, in this analysis. A more normal distribution is preferred for many types of analysis; for example, measures of linear correlation assume that the paired variables follow a bivariate normal distribution. A logtransformation is used to improve the normality of the distributions of the measured data.
Local scour processes can occur under clear-water or live-bed conditions. Clear-water conditions occur when transport of bed material into the channel section at the bridge crossing is negligible. Live-bed conditions occur when transport of bed material into the channel section at the bridge crossing is significant. The condition in which the scour is occurring should be identified, because both the rate at which scour develops over time and the relation between scour depth and approach flow velocity depend on whether clear-water or live-bed conditions predominate (2) .
The surficial movement of bed-material in nonuniform sediments usually does not begin suddenly at a critical or incipient condition. However, the transition from negligible (clear-water) to significant (live-bed) bed-material transport conditions will be centered on some critical shear stress condition. Shields' diagram is often used to estimate the critical shear stress at which bed 
EQUILIBRIUM CONDITIONS IN FIELD MEASUREMENTS OF BRIDGE SCOUR
Meaningful analysis of scour data requires a qualification of the relative equilibrium of the measured scour to concurrent stream conditions. Data collection and quality assurance procedures in this study are designed to obtain scour measurements of concurrent hydraulic, channel geometry, sediment, and pier characteristics during flood conditions. Live-bed scour measurements are assumed to represent the equilibrium scour depth for the concurrent deterministic conditions. However, true equilibrium is unlikely in field measurements where several deterministic variables are typically dynamic. Even in live-bed conditions, the scour hole geometry probably lags behind dynamic hydraulic and sediment-transport conditions, so that a scour hole is sometimes deeper and sometimes shallower than it would be in equilibrium with the concurrent conditions in a steady state. Clear-water scour often involves additional factors that affect channel scour, such as cohesion, vegetation, or armoring of the channel bed. A given set of hydraulic and sediment conditions would have to remain steady for an extended time before equilibrium is attained for clear-water scour conditions. These factors make an equilibrium scour condition less likely, and they are especially difficult to generalize. Clear-water scour measurements (unlike live-bed measurements) are not all assumed to represent equilibrium conditions with the concurrent conditions. The assumption of equilibrium conditions is inherent in scourdata analyses that use best fit methods, unless a method is developed to quantify and weigh the measurements for their relative equilibrium. An alternative to a relative equilibrium weighting algorithm is to use simple envelope curves, where the largest measurements of scour depth in relation to an explanatory variable are assumed to represent the equilibrium conditions. Envelope methods require the use of measurements made during active scouring, so that the measurement is not of a remnant scour hole. Each scour measurement and general measurement procedures were scrutinized to ensure that the measurements represent active scour conditions. The subset of clear-water scour measurements that are in the upper envelope or band of the scour depth to pier width (y sp to b) relation are assumed to be near equilibrium. Pier width remains the most steady-state of the explanatory variables for local pier scour.
Description of Selected Pier-Scour Equations
In a literature review of bridge scour equations, McIntosh (12) found that more than 35 equations that have been proposed for estimating local scour depth at bridge piers (y sp ). Five equations were evaluated for this investigation. The equations are presented here in an abbreviated fashion. Complete descriptions of the equations may be found in the references cited for each equation. Variables are defined the first time they are introduced and if an equation is not dimensionless, the units are defined with the equation in which they are required.
Gao et al. (7 ) presented scour equations that have been used in China for more than 20 years by highway and railway engineers. The Chinese equations were developed from laboratory and field data for both live-bed and clear-water scour at bridge piers. Gao The Federal Highway Administration report (5) presents the HEC-18 equation that was developed at Colorado State University using a compilation of laboratory data for scour at circular piers. The equation is (4) where K 1 = coefficient based on the shape of the pier nose; K 2 = coefficient to account for skew of the approach flow alignment to the bridge pier; K 3 = coefficient based on the channel bed-form conditions; and F o = Froude number, .
With the exception of the K 3 factor, Equation 4 is the Colorado State University equation, as presented in "Highways in the River Environment" (5) and elsewhere. Consistent metric or British units may be used in the HEC-18 equation. Froehlich (6) compiled field measurements of local scour at bridge piers from the reports of several investigations. Froehlich analyzed only measurements that were made under live-bed conditions based on the critical mean-velocity relation presented by Neill (11) . Froehlich selected dimensionless variables and used linear regression analysis of these live-bed data to develop the Froehlich equation:
where b e is the width of the bridge pier projected normal to the approach flow and φ is a coefficient based on the shape of the pier nose. A design scour depth, for which the predicted scour is greater than the measured scour for all cases in Froehlich's data set, can be computed as the sum of the pier width (b) and y sp from Equation 5. Froehlich recommended, for design purposes, that the depth of scour computed by Equation 5 be increased by the width of the pier. This will be referred to as the Froehlich Design equation. Consistent metric or British units may be used in the Froehlich equations.
Larras (8) compiled scour data from field investigations of several French rivers and scale-model investigations and developed the Larras equation: (6) where K S2 is a coefficient based on the shape of the pier nose.
The Larras equation is a function of pier width and shape only and requires units of feet (1 ft = 0.3048 m). Because Larras's field measurements were only point measurements of scour depth made after a flood had passed, those data may not represent the depth of equilibrium scour (2).
Shen and others (2) analyzed the pier Froude number (F p ), described by Maza and Sanchez (13) , as an explanatory variable for scour depth. They found that for pier Froude numbers less than 0.2 and fine sands [D 50 < 0.52 mm (0.0017 ft)], the depth of scour increased rapidly as the pier Froude number increases. However, for pier Froude numbers greater than 0.2 and coarser sands, the depth of scour increased only moderately for increases in the pier Froude number. From that analysis, Shen and others developed two equations, referred to as the Shen-Maza equations: (7) and (8) where F p is the pier Froude number, defined as , and y sp is in feet (1 ft = 0.3048 m).
DETERMINISTIC RELATIONS IMPLIED BY SELECTED PIER-SCOUR EQUATIONS
All of the selected equations were developed empirically using some form of curve fitting. However, these empirically derived equations imply and were developed in light of deterministic relations between explanatory variables and scour depth. Improved understanding and definitions of these deterministic relations provide the basis for better predictive methods. Selected explanatory variables are plotted against scour depth in Figures 1, 2 , and 3. Curves also are shown for the relation between the explanatory variable and pier-scour depth as defined in applicable equations.
Conclusions from this evaluation must be drawn cautiously because the functional relations for the explanatory variables within each equation are interdependent (with the exception of the Larras equation). For example, the HEC-18 and Froehlich equations contain both flow depth and Froude number, and the implied relation with scour depth for each of these variables may be affected by their interdependence (correlation). Similarly, there is correlation between flow depth and pier width simply because wide piers are more typical of large, deep streams.
The evaluation must also consider that the observed clear-water scour cannot be generally assumed (as was done for live-bed conditions) to represent equilibrium conditions with the explanatory variables for all of the measurements. The relations shown in Figures 1,  2 , and 3 generally have more scatter on their lower end (smaller observed scour) for clear-water scour than for the live-bed scour. Many of these small scour depth, clear-water scour measurements probably do not represent equilibrium, so that an envelope curve or a fit of only the upper portion of the observed data is preferred. With these cautions in mind, the evaluation of deterministic relations implied by these equations illustrate how the variables quantitatively explain the scour.
Pier Width Effects
The effective pier width is probably the most influential deterministic parameter for local pier scour, and estimated scour varies directly with pier width in some design equations. Figures 1a and 1b illustrate the relation between pier width (b) and local scour depth (y s ) for the live-bed and clear-water scour measurements. This relation is a more linear relation when y sp and b are log-transformed. The Pearson linear correlation coefficient is 0.71 for the log-transformed live-bed scour depth and effective pier width. Meaningful correlation and regression analyses of the clear-water scour data set cannot be made because equilibrium conditions cannot be assumed for these measurements.
The slope of the relation shown in Figures 1a and 1b (for a hypothetical upper envelope curve in Figure 1b flow alignment skewed to the pier. The maximum ratios for the live-bed and clear-water measurements of this data set are 2.1 and 1.1, respectively. The maximum y sp /b for the coastal scour measurements by Landers and Mueller (9) is also 2.1. These maximum y sp /b values are useful "rules of thumb" for bridge design engineers.
Flow Depth Effects
The effect of approach flow depth on local scour depth has been somewhat disputed in previous literature. Laursen and Toch (14) stated that the principal hydraulic parameter affecting scour is flow depth and not velocity. Shen et al. (2) found the effect of flow depth on equilibrium scour depth to be very slight. The HEC-18 pierscour equation includes flow depth to the 0.35 power. More recent laboratory studies for clear-water scour have found the influence of flow depth to be significant only for depth to pier width ratios (y o /b) less than about 3 (15) . At these smaller y o /b ratios, scour reportedly increases with increasing flow depth because of decreasing interference of the surface bow wave with the horseshoe vortex at the base of the pier. In the design method of Melville and Sutherland (4), local scour is computed using a flow depth correction factor when y o /b is less than 2.6 and is computed independent of flow depth where y o /b is larger than 2.6.
Analysis of the effect of flow depth (y o ) on scour ( y sp ) is difficult with field data because the flow depth is closely related to flow velocity and to pier width. Figures 1c and 1d Figure 1c has a log slope of about 0.6, steeper than that of the predictive equations. However, the relation of y o /b and y sp /b for the live-bed data ( Figure  1e ) has a logarithmic slope close to 0.3 for the observed data, which tends to verify the exponents used in the Froehlich and HEC-18 equations for these explanatory variables.
Flow Intensity Effects
Flow intensity influences the local scour because it affects the initiation and rate of bed-load transport, pressure gradients and downward velocity fields at the pier face, and horseshoe and separation vortices generated around the pier. Several researchers (2,5) have found that scour depth increases with increasing flow velocity to a maximum value near threshold sediment transport conditions, then decreases slightly and tends toward an equilibrium scour depth that is independent of further increases in flow velocity. These findings imply that the relation between scour depth and flow intensity should be stronger for field measurements made in clear-water conditions than for those made in live-bed conditions. The selected equations use three different variables, illustrated in Figure 2 , to explain the effect of flow intensity on scour depth. The Froehlich and HEC-18 equations use Froude number to account for flow intensity. Froude number does not appear to be a good explanatory variable for clear-water or live-bed conditions, as indicated in Figure 2a . It is somewhat surprising that Froude number is used as a measure of flow intensity, because it is actually a ratio of inertial to gravitational forces, both of which appear positively related to scour depth. The Shen-Maza equation uses an interesting factor referred to as the "pier Froude number," computed as described previously. This number also is a ratio of two factors that are positively related to scour depth: the inertial force and the forces associated with a flow obstruction of width b. There is no discernible relation between scour depth and pier Froude number for the observed data (Figure 2b) . The Chinese equation uses a ratio of approach velocity to the threshold velocity, adjusted for the effect of local flow acceleration around the pier. This explanatory variable is good conceptually, but live-bed scour depth appears independent of the Chinese flow intensity factor; whereas clear-water scour may be weakly related for this data set (Figure 2c ). These flow intensity to scour depth relations were not improved for the subset of clear-water scour measurements that are in the upper envelope or band of the y sp to b relation (those assumed to be near equilibrium). Additional flow intensity factors are evaluated by Landers and Mueller (9) . Methods to quantify the effect of flow intensity on scour require further investigation.
Sediment Size Effects
The principal effect of sediment size on local scour is its influence on the initiation and rate of bed-material transport. That effect is evaluated in computations of critical velocity for incipient motion. In laboratory investigations reported by several researchers (4, 15, 16) , equilibrium scour depth has been shown to decrease with increasing bed-material size, at pier width to median sediment size ratios (b/D 50 ) less than about 50, for both clear-water and live-bed conditions. According to these researchers, larger particles reduce the local scour because they more effectively dissipate the energy of the downward flow velocity where it intersects the bed and because they are physically large with respect to the groove eroded by the downward velocity where it intersects the bed at the base of the pier. Chiew and Melville (16) Figure 3a . A slope of less than magnitude 0.1 would be difficult to identify in the Figure 3a scatter plot. However, the -0.08 power is not unreasonable for the field data.
The fraction of largest-sized particles making up the bed material may exert more influence on local scour than the remainder of the bed material because large particles may tend to roll into and concentrate in the scour hole because of gravitation and to remain there because of selective transport. These larger particles may form an armor layer that protects underlying, finer particles from erosion and may serve to dissipate flow energy because of their larger size and pore spacing. Scour depths appear to decrease slightly with increasing D 84 for the data set as illustrated in Figure 3b .
Analysis These results tend to confirm the findings of previous investigators. However, the effect of sediment size appears to remain significant to much larger b/D 50 values than indicated by previous investigations. The differences may be associated with scale nonhomogeneity. The break in b/D 50 values for these data is defined along the natural sand to gravel transition, where a gap in sizes is typical. No relation was found for scour depth and the sediment gradation factor, defined as , for this set of scour measurements.
OBSERVED SCOUR AND SCOUR COMPUTED BY SELECTED EQUATIONS
Criteria to evaluate equations using comparisons of computed and observed (measured) scour depths should not be based solely on minimized errors of estimate for most pier-scour equations. Most of the selected equations were not developed to predict actual scour depth, but to predict the maximum probable scour depth for a given set of conditions for design applications. Design curves and equations generally are developed so as not to underestimate the scour depth, so that there is a bias for negative residual errors (observed minus computed scour). The Froehlich equation (but not the Froehlich Design equation) is an exception because it was developed from leastsquared error regression analysis. Equations that accurately estimate the maximum depth of scour and rarely underestimate the scour will be preferred for most design applications. The predictive performance of the selected design equations for live-bed and clear-water sediment transport conditions is illustrated in the scatter plots of computed and observed scour depth in Figure  4 . For the measured flow conditions, the design equations all compute scour that is frequently at least twice the observed depth of scour. Several equations predict scour depths greater than 5 times the observed live-bed scour and 10 times the observed clear-water scour for some of the measured conditions. All of the equations underpredict the scour depth for some measurements. The None of the equations consistently compute scour depths that closely match observed depths of scour for the measured live-bed or clear-water conditions, as illustrated in Figure 4 . Methods that could predict scour depth for the broad range of measured conditions would probably be more complex than those reviewed here and would include methods to account for the time-dependent scour processes, such as soil erodibility. Figure 4 indicates that the Froehlich Design and HEC-18 equations produce values that follow the trend of the observed data and rarely underestimate the observed scour, for both live-bed and clear-water conditions.
SUMMARY
Selected pier-scour prediction equations are evaluated and compared using 139 field measurements of bridge pier scour made during floods. The data set includes 76 measurements made in live-bed sediment transport conditions and 63 measurements made in clear-water sediment transport conditions. The measurements used in this evaluation are a subset of the national data base presented by Landers and Mueller (9) and represent only one measurement per flood at a given pier. Measured scour depths range from 0.3 to 7.7 m (0.9 to 25.1 ft) for the data set.
Scour processes and the variables of selected equations are evaluated in relations of scour depth to individual explanatory variables. However, these processes are typically dependent on multiple, interrelated variables, so that the relation between scour depth and a single variable may have several curves that represent data subgroups defined by the values of a third variable. The maximum ratio of scour depth to effective pier width for the data of this study is 2.1 for the live-bed conditions and 1.1 for the clear-water conditions. Scour depth varies with pier width to the power of about 1.0, when evaluated as a function of pier width only. 84 16 As flow depth increases, its influence on scour decreases at a uniform rate over the range of observed data. However, the influence does not become insignificant at large ratios of flow depth to pier width, which may contradict the findings of previous laboratory investigations. The relation of scour depth and flow depth is somewhat obscured where both variables are normalized for effective pier width. Observed scour depths appear independent of the Froude number and the pier Froude number for both livebed and clear-water scour measurements. Live-bed scour depth is independent of the Chinese flow intensity factor, whereas clearwater scour may be weakly related for this data set. Sediment size appears to weakly influence the scour depth over the entire range of sediment sizes. This may represent more than one process in which scour depth is influenced by sediment size. Sediment gradation does not appear to influence the scour depths observed in this study.
D D
Comparison of computed and observed scour depths show that none of the selected equations accurately estimate the depth of scour for all of the measured conditions. As conservative design equations, the HEC-18 and Froehlich Design equations performed well; however, they often overpredicted the scour by large amounts, which would result in overdesigned bridge foundations. The HEC-18 equations overpredicted observed scour depths by more than the Froehlich equation. The Larras and Chinese equations both under-and overpredicted the observed scour depths by large amounts. The Larras equation underpredicted only one clearwater scour measurement; however, the predicted scour did not follow the trend of the observed data and underpredicted some live-bed scour depths by more than 3 m (9.8 ft).
Additional field research, data collection, and data analyses are needed to understand and model the complex interrelated processes responsible for scour at bridges. Further analysis and modeling of these processes would provide improved understanding of scour processes and contribute to the safety and economy of bridge foundation designs that benefit the traveling public.
